Thermally assisted tunneling of holes at the Au-Si 3 N 4 interface was experimentally observed. The hole barrier of 1.6Ϯ0.2 eV and the effective masses for the hole and electron tunneling into silicon nitride have been determined. A revised energy-band diagram of the metal-nitride-oxide-semiconductor structure is constructed. ͓S0163-1829͑98͒52204-7͔
The typical values of barriers for an electron and hole injection at semiconductor͑metal͒-insulator interfaces in MIS ͑metal-insulator-semiconductor͒ structures are in the 2-3 eV region. Injection of carriers into insulators of such structures at room temperature is limited by the high field FowlerNordheim tunneling mechanism. 1 Forty years ago, the thermally assisted tunneling ͑TAT͒ mechanism at a metal-vacuum interface was predicted. 2 Later, the TAT effect was analyzed for the metal-insulator interface. 3 In the TAT mechanism, an electron is excited to some energy by collisions with phonons and then tunnels through a triangle barrier into the conduction or valence bands. TAT from a contact to localized states in polymer 4 and multiphonon ionization of localized states in insulator and semiconductors [5] [6] [7] was experimentally observed. As far as we know, the direct TAT of carriers from metal into the conduction band or valence band of insulators was not observed experimentally up to now. 8 The aim of this work is to observe experimentally the TAT effect for holes at the Au/silicon nitride interface.
Amorphous silicon nitride (Si 3 N 4 ) has a high concentration of electron and hole traps and the property to localize injected electrons and holes with a large delocalization time ϳ10 years at 300 K. 9 According to internal photoemission data, the barriers for electrons and holes at the Si/Si 3 N 4 interface are equal and are 2.0Ϯ0.1 eV.
10,11
The metal-nitride-oxide-semiconductor structures ͑MNOS͒ with tunneling-thickness thermal oxide ͑50 Å͒ and Si 3 N 4 (ϳ500 Å) were investigated. The silicon substrates, ͑100͒ orientated, with a 7-10 Ohm cm resistivity of n and p type were used. The Si 3 N 4 was deposited with three different methods: method ͑A͒ APCVD ͑atmospheric pressure chemical vapor deposition͒, SiCl 4 /NH 3 ϭ0.05, Tϭ850°C, gas carrier H 2 ; method ͑B͒ APCVD, SiCl 4 /NH 3 ϭ0.01, T ϭ850°C, gas carrier N 2 ; method ͑C͒ LPCVD ͑lower pressure͒, SiCl 4 /NH 3 ϭ0.1, Tϭ800°C. The ''natural'' oxide on Si 3 N 4 was chemically etched before the metal deposition to have reproducible injective contacts to Si 3 N 4 .
12 The Au and Al contacts were evaporated on Si 3 N 4 . The injection currents from metals into Si 3 N 4 were measured by the impulse polarization of the MNOS structures. Charge trapping kinetics were determined by the capacitance-voltage ͑C-V͒ shift measurements. The different voltage impulse amplitudes and duration were used to study injection mechanisms at different fields at the Si 3 N 4 -metal interface. The current value was determined by dividing the value of charge trapped in Si 3 N 4 by the duration of the voltage impulse. The small values of injected charge were used for current evaluation. This method allows us to separate the electron and hole injection currents from contacts. The details of the method of contact current-voltage characteristic measurements were described earlier. 12 The injection electron currents from Al ͑p-type substrate in accumulation regime by negative potential on Al͒ and the hole currents from Au ͑n-type substrate in accumulation regime by positive potential on Au͒ were investigated as functions of the contact field at the Si 3 N 4 -metal interface at different temperatures.
Control experiments to exclude an injection of carriers from the opposite contact ͑silicon͒ into Si 3 N 4 were made. By these experiments the conditions when injection of carriers from silicon is negligible were determined. Thus, in the present experiments the injection of electrons from silicon was small at positive potential at Au in comparison with hole injection from Au. Injection of holes from silicon at negative potential at Al was also small in comparison with electron injection from Al.
Increasing the positive polarization impulse duration and amplitude values leads to a shift of the C-V curves to negative voltages due to hole injection from and capturing in Si 3 N 4 . Three current-voltage characteristics measured at different temperatures are shown in Fig. 1 . The experimental hole current-voltage characteristics measured at high temperatures ͓593 and 523 K͔ ͓Fig. 1͑a͔͒ are well described by the TAT equation
Here Cϭ(2m*kT) 1/2 (e/h) 2 , j is the current density, ⌽ is the barrier energy, m* is the effective mass, and F is the electric field. The hole barrier value ⌽ h ϭ1.6Ϯ0.2 eV has been determined by extrapolation of lg( j/F) lines in Fig.  1͑a͒ to the zero field. The slope of the current-voltage depen- The Schottky mechanism predicts an exponential dependence of the current on the field and temperature
Here, ϱ is the high frequency dielectric permitivity. The experimental curve measured at 523 K is not described by the Schottky mechanism ͓Fig. 1͑b͔͒. The TAT effect was observed experimentally in the MNOS structures with Si 3 N 4 evaporated by different methods. So, the TAT mechanism and the parameters ⌽ h and m h * reflect the fundamental properties of the Au-Si 3 N 4 interface and silicon nitride.
The low temperature ͑room and liquid nitrogen͒ currentvoltage characteristics are not described by TAT or the Schottky law ͓Fig. 1͑a͔͒. In the region from room to liquid nitrogen temperature, the hole current depends weakly on temperature. The hole injection is described by the tunneling Fowler-Nordheim mechanism at room and liquid nitrogen temperatures 1 . For ⌽ h ϭ1.6 eV, the hole effective mass is m h */m 0 ϭ0.35. This value well agrees with one obtained at 593 and 523 K in the TAT region.
A similar analysis was made for electrons injected from Al into Si 3 N 4 . An electron injection from Al at 300 and 77 K is temperature independent and is described by the FowlerNordheim mechanism ͑Fig. . The electron injection current does not depend on the evaporation method. The value m e */m 0 ϭ0.4 was obtained using the electron barrier ⌽ e ϭ2.0 eV determined 10, 11, 13 for electrons at the Si-Si 3 N 4 interface.
In this work, the TAT mechanism and the tunneling of holes and electrons are interpreted in terms of tunneling through a triangular barrier. The influence of image forces was neglected in the analysis. It has been shown that the influence of classical image forces is small in photonassisted tunneling. 14 The barrier energy at the Au-Si 3 N 4 interface ⌽ h ϭ1.6 eV obtained by TAT is the same as the value obtained by XPS. 15, 16 The difference of the work functions for Au and Al measured by the C-V method in the MNOS structures investigated is 0.9Ϯ0.1 eV. This value agrees with the value of 0.9 eV obtained by C-V in the photoinjection method for the Si-SiO 2 interface. 17 The gap in Si 3 N 4 determined in the electron and hole injection experiments of the present work is 2.1ϩ1.6ϩ0.9 ϭ4.6 eV. This value is 0.5 eV lower than the ''optical'' gap E g ϭ5.1 eV obtained from optical absorption using the Tauz model. 10, 11, 13, 18 According to the obtained values of barriers at the Au-Si 3 N 4 interface, the hole barrier at the Si-Si 3 N 4 interface is 1.5 eV for E v ϭ5.1 eV for silicon ͑Fig. 3͒. This value is 0.6 eV lower than the barrier value obtained from the internal photoemission experiments. 10, 11 The obtained values of the electron effective masses, m e *ϭ0.4m 0 , in silicon nitride agree with the value of an electron tunneling mass of 0.6m 0 obtained by a resonant tunneling experiment 19 for Si 3 N 4 :H and the silicon dioxide electron effective mass m e */m 0 ϭ0.4. 21 These anomalous small masses were evaluated due to an existence of the tunnelable thin oxide layer between Si and Si 3 N 4 . The overestimated value of the hole barrier obtained from photoemission experiments, ⌽ h ϭ2.0 eV, is the reason of some unexpected anomalies obtained by hole injection from silicon in Si 3 N 4 .
22,23
The energy-band diagram of the MNOS structure was constructed ͑Fig. 3͒ taking into account the work functions ͑Au͒ϭ5.0 eV and ͑Al͒ϭ4.1 eV. According to Fig. 3 , the barrier at Si-Si 3 N 4 interface for holes is 0.5 eV lower than for electrons. This difference explains the dominant hole conduction of Si 3 N 4 by the negative potential on the metal. 15, 24 The band calculation of Si 3 N 4 25 gives the value of the hole mass, m h */m 0 ϭ3.0. This heavy hole mass is related to the narrow band of the N 2p nonbonding orbitals. These orbitals give the electronic states near the top of the Si 3 N 4 valence band. But the experiment and the last numerical simulation of the Si 3 N 4 electronic structure show that there are not only the N 2p nonbonding orbitals, but the Si 3s,3p -N 2p,3s bonding orbitals too 26 at the Si 3 N 4 valence band top. Light holes obtained in this work correspond to the wide band of the bonding states. In terms of band theory, the valence band of crystalline Si 3 N 4 is degenerate. This result was obtained by the recent band calculations for Si 3 N 4 . 25 In conclusion, the thermally assisted tunneling of holes from a metal into the valence band of an insulator was for the first time experimentally observed. The hole effective masses for Si 3 N 4 have been determined for the first time. The hole barrier value at the Au-Si 3 N 4 interface has been determined and a more realistic ͑than from the photoemission experiments͒ energy band diagram of the MNS and MNOS structures has been constructed.
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